Evidence is accumulating for the role of cancer stem cells (CSCs) in mediating chemoresistance in patients with metastatic colorectal cancer (mCRC). A disintegrin and metalloproteinase domain 17 (ADAM17; also known as tumor necrosis factor-a-converting enzyme [TACE]) was shown to be overexpressed and to mediate cell proliferation and chemoresistance in CRC cells. However, its role in mediating the CSC phenotype in CRC has not been well-characterized. The objective of the present study was to determine whether ADAM17 regulates the CSC phenotype in CRC and to elucidate the downstream signaling mechanism that mediates cancer stemness. We treated established CRC cell lines and a newly established human CRC cell line HCP-1 with ADAM17-specific small interfering RNA (siRNA) or the synthetic peptide inhibitor TAPI-2. The effects of ADAM17 inhibition on the CSC phenotype and chemosensitivity to 5-fluorouracil (5-FU) in CRC cells were examined. siRNA knockdown and TAPI-2 decreased the protein levels of cleaved Notch1 (Notch1 intracellular domain) and HES-1 in CRC cells. A decrease in the CSC phenotype was determined by sphere formation and ALDEFLUOR assays. Moreover, TAPI-2 sensitized CRC cells to 5-FU by decreasing cell viability and the median lethal dose of 5-FU and increasing apoptosis. We also showed the cleavage and release of soluble Jagged-1 and -2 by ADAM17 in CRC cells. Our studies have elucidated a role of ADAM17 in regulating the CSC phenotype and chemoresistance in CRC cells. The use of drugs that inhibit ADAM17 activity might increase the therapeutic benefit to patients with mCRC and, potentially, those with other solid malignancies. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:331-338 
INTRODUCTION
Colorectal cancer (CRC) is the second leading cause of cancer-related death in the United States [1] . Although several new drugs have received regulatory approval for the treatment of patients with metastatic CRC (mCRC) in the past 3 years, the prognosis remains very poor (2.5 years median overall survival), and most patients will develop drug resistance to systemic therapy within 1 year [1] [2] [3] . Developing novel treatments based on sound preclinical data is essential to improving the outcomes of patients with mCRC.
Evidence is accumulating of the existence of cancer stem cells (CSCs) in mCRC, and these cells are believed to mediate the development of chemoresistance [4] [5] [6] . Several signaling pathways (including Wnt, Notch, Hedgehog, and Nanog) have been identified as key mediators of the CSC phenotype [7] . Our previous study demonstrated a strong correlation between Notch1 activation and CSCs in CRC [8] . As a member of the Notch receptor family, Notch1 can be activated by the binding of ligands (Jagged-1 and -2, and Delta-like 1, 3, and 4) from adjacent cells by juxtacrine or paracrine signaling [9, 10] . On ligand binding, the Notch1 receptor is activated and undergoes conformational changes, leading to cleavage at the S2 site (within the extracellular juxtamembrane region) and then subsequently at the S3 site to release the Notch1 intracellular domain (NICD), allowing its transcription activity [11] . A disintegrin and metalloproteinase domain 17 (ADAM17; also known as tumor necrosis factor-a [TNF-a]-converting enzyme [TACE] ) is responsible for the S2 site cleavage and is essential for exposing the S3 site for g-secretase cleavage [12] .
In addition to activating Notch1, ADAM17 is known to mediate the maturation and secretion of a large number of substrates, including TNF-a, cytokines, and growth factors from cell membranes [13] . In CRC and other cancers, ADAM17 is overexpressed in tumor tissues compared with normal tissues and mediates cancer cell proliferation, metastasis, and chemoresistance [14, 15] . Others have shown that blocking ADAM17 activity or expression in cancer cell lines (including ovarian cancer, head and neck cancer, CRC, and breast cancer) resulted in decreased cancer cell proliferation and chemoresistance [16] [17] [18] [19] [20] . Although ADAM17 is important in mediating CSC-associated Notch1 activation and promoting the CSC phenotype in glioblastoma, lung cancer, and head and neck cancer [18, 21, 22] , the role of ADAM17 in mediating the CSC phenotype in CRC has not been fully elucidated. The aim of the present study was to determine whether ADAM17 regulates the CSC phenotype in CRC and to identify the downstream signaling mechanism that mediates cancer stemness. We have demonstrated that blocking ADAM17 in CRC cells leads to a decrease in the CSC phenotype and sensitizes CRC cells to chemotherapy. These findings suggest a potential therapeutic strategy of targeting CSCs by inhibiting ADAM17 in patients with mCRC.
MATERIALS AND METHODS

Cell Culture
The CRC cell line HT29 was purchased from American Type Culture Collection (Manassas, VA, http://www.atcc.org). The human CRC primary cell line HCP-1 was established in our laboratory [8] . All CRC cells were cultured within 15 passages in minimal essential medium supplemented with 5% fetal bovine serum (FBS; Atlanta Biologicals, Atlanta, GA, http://www.atlantabio.com), vitamins (13) , nonessential amino acids (13), penicillin-streptomycin antibiotics (13) , sodium pyruvate (13) , and L-glutamine (13) (all from Invitrogen, Carlsbad, CA, http://www.thermofisher.com).
Reagents
The ADAM17 inhibitor TAPI-2 and g-secretase inhibitor (GSI) were purchased from Calbiochem (San Diego, CA, http://www.calbiochem. com). All chemotherapy agents were obtained from the pharmacy at The University of Texas MD Anderson Cancer Center. ADAM17-specific small interfering RNAs (siRNAs; GGUUACAACUCAUGAAUUG and GCAAAGAAACAGAGUGCUA) and a validated control siRNA were obtained from Sigma-Aldrich (St. Louis, MO, http://www.sigmaldrich. com) and were transiently transfected using Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions. Unless mentioned otherwise, all experiments were performed using 20 mM TAPI-2, 100 nM GSI, or 150 pmol per well of siRNA for cell transfection in six-well plates.
Western Blotting
Cell lysates or concentrated conditioned medium (CM) was processed and run in SDS-polyacrylamide gel electrophoresis gels, as described previously [8, 23] . The antibodies used to detect a-tubulin, Delta-like 4 N-terminal, and Nanog were from Santa Cruz Biotechnology (Santa Cruz, CA, http://www.scbt.com), b-actin was from Sigma-Aldrich, b-catenin was from BD Biosciences (Franklin Lakes, NJ, http://www.bdbiosciences.com), Deltalike 1 N-terminal was from Abcam (Cambridge, MA, http:// www.abcam.com). All other antibodies were from Cell Signaling (Beverly, MA, http://www.cellsignal.com). The antibodies for the Notch ligands were all specific to the extracellular domain of the proteins. 0.1% Ponceau S in 5% acetic acid was added to polyvinylidene fluoride membranes for Ponceau S staining as the loading control of CM.
Sphere Formation Assay
CRC cells were treated with TAPI-2 or siRNAs for 48 hours. Single suspended cells were then plated 100 per well in ultra-lowattachment 96-well plates (BD Biosciences) with standard sphere-forming medium [24] (serum-free Dulbecco's modified Eagle's medium/F-12 supplemented with 1xB27 serum substitute, 20 ng/ml human recombinant epidermal growth factor [EGF] , and 20 ng/ml basic fibroblast growth factor; all from Invitrogen). The cells were then cultured for 7-14 days without changing the medium, and spheres larger than 50 mm in diameter in each well were counted.
ALDEFLUOR Assay
The CSC phenotype was assessed by detecting high intracellular aldehyde dehydrogenase (ALDH) enzyme activity using the ALDE-FLUOR assay kit (STEMCELL Technologies, Vancouver, BC, Canada, http://www.stemcell.com). In brief, the cells were treated with TAPI-2 or siRNAs for 48 hours. After the incubation, single suspended cells were washed and treated according to the manufacturer's instructions. Cells with a strong fluorescence signal were detected using the BD FACSCanto II flow cytometry system (BD Biosciences), with 488 nm excitation and 545 nm emission wavelengths and standardized by negative controls.
ADAM17 Activity Assay
ADAM17 enzyme activity was measured using a TACE activity kit (Calbiochem) following the manufacturer's instructions. In brief, the cells were treated with TAPI-2 or siRNAs for 48 hours. Cell lysates were harvested using sample buffer, followed by sonication and the assay. The fluorescent signal generated by active ADAM17 was measured at wavelengths of 324 nm excitation and 405 nm emission and standardized with blank controls.
MTT Assay
Cells were cultured with or without TAPI-2 for 48 hours and then seeded at 3,000 cells per well in 96-well plates. After pretreatment, increasing doses of 5-fluorouracil (5-FU) that were relevant to the recommended clinical dose (up to 2 mg/ml) [25] were added, with or without TAPI-2, for 72 hours. Cell viability was assessed by adding MTT substrate (0.25% in phosphate-buffered saline [PBS]; Sigma-Aldrich) in growth medium (1:5 dilution) to cells for 1 hour at 37°C. The cells were washed with PBS, and 100 ml of dimethyl sulfoxide was added. Optical density was measured at 570 nm, and relative MTT is presented as a percentage of control.
Conditioned Medium
Equal numbers of CRC cells were cultured in growth medium with 1% FBS for 48 hours. The medium was harvested, centrifuged at 4,000g for 5 minutes to remove cell debris, and concentrated using Amicon Ultra-10K centrifugal filter units (EMD Millipore, Billerica, MA, http://www.emdmillipore.com).
Statistical Analysis
All quantitative data were reproduced in at least three independent experiments, with multiple measures in each replicate. The resulting data are expressed as the mean 6 SEM and were considered significantly different at p , .05 by two-tailed Student's t test.
RESULTS
Blocking ADAM17 Expression Decreased the Cancer Stem Cell Phenotype of CRC Cells
To determine the role of endogenous ADAM17 in regulating the CSC phenotype of CRC cells, we used two siRNAs specifically targeting ADAM17 (si-1 and si-2) to knock down ADAM17 expression in a recently established human CRC cell line (HCP-1) and the established HT29 CRC cell line in vitro. As shown in Figure 1 , 48 hours after the transient transfection of siRNAs, ADAM17 knockdown was confirmed by Western blotting. Moreover, the protein levels of cleaved NICD and its downstream target HES-1 were also decreased by ADAM17 knockdown. However, the levels of proteins in other CSC-associated pathways (Nanog, Sonic Hedgehog, and Wnt) were not altered (supplemental online Fig. 1A ). HT29 showed higher basal levels of NICD and HES-1 compared with HCP-1, suggesting a higher capacity of the Notch-driven CSC phenotype. The effect of siRNA knockdown on the enzyme activity of ADAM17 was assessed by the TACE protease activity kit to measure ADAM17 cleavage activity after 24 hours of siRNA transfection. In both cell lines, ADAM17-specific siRNAs caused a significant decrease (∼50%) in the protease activity of ADAM17 (Fig. 1B) . The effects of ADAM17 knockdown on the CSC phenotype were assessed by sphere formation (Fig. 1C, 1D ) and ALDE-FLUOR assays (Fig. 1E, 1F) . The results showed that ADAM17 siRNAs significantly decreased the number of spheres formed by CRC cells and the percentage of cells with high ALDH activity (ALDH+) by ∼40% in HCP-1 cells and ∼45% in HT29 cells. Consistent with the finding that HT29 cells exhibited higher Notch1 activity than HCP-1 cells, control HT29 cells formed significantly more spheres (14 compared with 6 in HCP-1 cells) and ALDH+ cells (26% compared with 13% in HCP-1 cells).
To further validate the effects of blocking ADAM17 on the CSC phenotype in CRC, we used the ADAM17 inhibitor TAPI-2 to block ADAM17 activity in vitro. The effects of TAPI-2 on the protein levels of ADAM17, NICD, and HES-1 were determined by Western blotting after 48 hours of treatment ( Fig. 2A) . Data showed that without affecting ADAM17 expression, the inhibitor dramatically decreased the protein levels of NICD and its downstream target HES-1 in both HCP-1 and HT29 cells. Consistent with our experiments using siRNA, the ADAM17 inhibitor did not affect any other CSC-associated pathways examined (supplemental online Fig. 1B ). As expected, the protease activity of ADAM17 was significantly decreased by the inhibitor by ∼50% in both cell lines (Fig. 2B) . Moreover, treating cells with TAPI-2 significantly decreased the CSC phenotype by ∼50% in both CRC cell lines, measured by sphere formation and ALDEFLUOR assays (Fig. 2C, 2D ). The dose-dependent effects of TAPI-2 on the sphere formation and protein levels of NICD and HES-1 (supplemental online Fig. 2 ) confirmed that the concentration we used (20 mM) was within the effective dose range of TAPI-2 (5-40 mM). Compared with the cells transfected with control siRNA (Fig. 1) , untransfected CRC cells in the control groups had lower protein levels of NICD and HES-1, coupled with less sphere formation and lower numbers of ALDH+ cells (Fig. 2) . We speculate that the transient elevation in Notch activity and CSC phenotype was caused by the stress induced by transfection with Lipofectamine. Therefore, we used the ADAM17 inhibitor in the remaining experiments to avoid the artificial effect caused by transfection.
Blocking ADAM17 Sensitized CRC Cells to Chemotherapy
To determine whether ADAM17 mediates the CRC cell response to chemotherapy, we treated HCP-1 and HT29 cells with 5-FU, with or without TAPI-2, and cell viability and apoptosis were measured. In the control groups, 5-FU alone caused steady decreases in cell viability in both cell lines. When a fixed dose of TAPI-2 was added with 5-FU, a ∼20% decrease in cell viability was observed even at low doses of 5-FU (0.2 and 0.5 mg/ml; Fig. 3A, 3B ). Similar results were found when the cells were treated with TAPI-2 and SN38 (the active metabolite of irinotecan), but not with oxaliplatin (supplemental online Fig. 3 ). To further validate the effect of TAPI-2 sensitizing CRC cells to 5-FU, we estimated the median lethal dose (LD 50 ) of 5-FU (Fig. 3C, 3D ) based on another set of MTT assays with a wider range of 5-FU doses (data not shown). Compared with the control groups, TAPI-2 treatment decreased the LD 50 of 5-FU by approximately threefold (from ∼1.5 to 0.5 mg/ml) in HCP-1 cells and close to fourfold (from ∼2.7 to 0.7 mg/ml) in HT29 cells. To determine whether the decreased cell viability by TAPI-2 at low doses of 5-FU was caused by increased cell death, we treated CRC cells with 5-FU (0.5 mg/ml), with or without TAPI-2, and measured the protein levels of apoptotic markers by Western blotting (Fig. 3E) . When the cells were treated with lowdose 5-FU alone, no increase in cleaved poly(ADP-ribose) polymerase (PARP) or cleaved caspase-3 was noticeable in either cell line. However, when the cells were treated with TAPI-2 and lowdose 5-FU together, a dramatic increase in both cleaved PARP and cleaved caspase-3 was detected. No change was detected in the cells treated with TAPI-2 alone, suggesting that blocking ADAM17 alone was not sufficient to induce apoptosis in CRC cells.
ADAM17 Cleaved Notch1 Receptor and Its Ligands Jagged-1 and -2
To elucidate the mechanisms by which ADAM17 mediates the CSC phenotype in CRC cells, we first confirmed that cleavage of Notch1 was essential in the process. We used the ADAM17 inhibitor TAPI-2 and the g-secretase inhibitor separately and demonstrated a decrease in the number of spheres formed by CRC cells (Fig. 4A, 4B) . Moreover, when the cells were treated with both inhibitors, TAPI-2 did not cause an additional decrease in the number of spheres compared with GSI alone. This suggests that the effect of blocking ADAM17 on the CSC phenotype was mediated by the downstream cleavage of Notch1 by g-secretase. The downregulation of NICD and HES-1 by TAPI-2 and GSI were confirmed at protein levels by Western blotting (Fig. 4C) . Previously, our laboratory described a new role for ADAM17 in cleaving the Notch ligand Jagged-1 in endothelial cells for Notch1 activation in surrounding CRC cells [8] . Therefore, we investigated the role of ADAM17 in cleaving Notch ligands in CRC cells. Examining equal portions of CM and cell lysates by Western blotting, we showed that abundant soluble Jagged-1 is present in the CM of CRC cells and that TAPI-2 dramatically decreased the level of soluble Jagged-1 released by both CRC cells ( Fig. 4D ; supplemental online Fig. 2C ). In HCP-1 cells, similar amounts of soluble Jagged-1 were released in CM compared with membrane-bound Jagged-1 in cell lysates. In HT29 cells, most Jagged-1 proteins were released in CM, with very low levels detected in the cell lysates. The same effects were found when knocking down ADAM17 expression using siRNAs (supplemental online Fig. 4 ). Jagged-2 was also released by CRC cells, to a lesser extent compared with Jagged-1, and TAPI-2 also blocked the secretion without affecting the total Jagged-2 protein levels in the cells. In contrast, Dll1, Dll3, and Dll4 were mostly detected in the cell lysates, and TAPI-2 did not change the protein levels of these ligands. Similar results were found in SW620 and SW1222 CRC cells. Treatment of TAPI-2 in these cells caused a decrease in sphere formation, a decrease in soluble Jagged-1 and -2 in the conditioned medium, a decrease in protein levels of NICD and HES-1, and an increase in chemosensitivity (supplemental online Fig. 5 ).
DISCUSSION
Although the results of many preclinical studies have suggested that targeting CSCs might be beneficial in the clinic, to date, no CSC-targeting therapy has been shown to significantly benefit patients in clinical studies [26] . One of the major challenges in targeting CSCs is the lack of an appropriate in vitro model system for the reliable identification of CSCs. Recently, our laboratory demonstrated the importance of using early passage of primary cancer cells for studying CSCs in CRC cells [27] . Moreover, although many markers have been proposed as CSC markers [28] , our laboratory [27] and another group [29] independently demonstrated that many of those markers are not reliable for detecting the CSC phenotype of CRC cells in vitro. We found that, in addition to the sphere formation, a recognized surrogate for the CSC phenotype, the ALDEFLUOR assay is another reliable quantitative assay to assess the CSC phenotype in early passages of newly established cell lines. In the present study, we used the HCP-1 human CRC primary cell line, as well as several established CRC cell lines, to ADAM17 regulation of the CSC phenotype has been studied in various cancers [21, 22, 30] . Our study has shown for the first time that inhibiting ADAM17 in CRC cells, by knocking down gene expression with siRNAs or by an inhibitor, induces a significant decrease in the CSC phenotype, as detected by the sphere formation and ALDEFLUOR assays. We used the ADAM17 inhibitor TAPI-2 at a dose close to the half maximal inhibitory concentration to minimize the off-target effects on other proteinases (e.g., ADAM10 and matrix metalloproteinases). The dose-dependent effects of TAPI-2 on CRC cells, together with the finding that TAPI-2 and ADAM17-specific siRNAs induced similar levels of inhibition in the CSC phenotype, suggest that the TAPI-2 used in the present study primarily inhibited ADAM17. In agreement with previous studies [12] , we showed that Notch1 is cleaved and activated by ADAM17. Although ADAM17 regulation of other CSC-associated pathways has been shown in breast cancer [31] , we did not observe ADAM17 mediating the other CSC-associated pathways we examined (Nanog, Sonic Hedgehog, and Wnt/b-catenin). Moreover, when the downstream S3 cleavage of Notch1 was blocked by GSI, TAPI-2 did not induce additional inhibition in the CSC phenotype or levels of cleaved NICD. Together, the data suggest that ADAM17 regulation of the CSC phenotype in CRC cells is mediated by the Notch1 pathway.
Studies in different cancers (including CRCs) have assessed the strategy of blocking cancer cell growth by inhibiting ADAM17 alone or combined with inhibiting members of the epidermal growth factor receptor family (EGFRs and HERs) [15, [32] [33] [34] . In our study, ADAM17 regulation of the CSC phenotype demonstrated that ADAM17 plays a role in mediating the CRC cell response to chemotherapy. Therefore, we examined the effects of blocking ADAM17 on the CRC cell response to chemotherapy. Our data showed that TAPI-2 sensitized CRC cells to 5-FU and SN38, but not oxaliplatin. This discrepancy can be explained because these chemotherapy agents induce cytotoxic effects by different mechanisms. However, because oxaliplatin is rarely used as a single agent in the clinic to treat patients with CRC, this negative result does not affect the clinical relevance of our findings. In contrast, 5-FU and irinotecan are used as single agents to treat patients with mCRC. The finding of ADAM17 inhibition leading to decreased cell viability and increased apoptosis compared with single-agent therapy was consistent with those from a previous study, which also showed that blocking ADAM17 sensitized CRC cells to chemotherapy [35] . In that study, the investigators suggested that EGFR was involved in ADAM17-mediated chemoresistance. However, owing to the large number of downstream targets regulated by ADAM17 [13, 36, 37] , it is unlikely that a single pathway is responsible for ADAM17-mediated chemoresistance. A very recent study using a new ADAM17 antibody demonstrated EGFR-dependent and -independent effects of tumor growth inhibition by blocking ADAM17 in vivo [38] . The focus of our study was to demonstrate the role of CRC-derived ADAM17 in the regulation of the CSC phenotype that might mediate chemoresistance in CRC cells. Our results suggest that inhibiting ADAM17, concomitant with standard chemotherapy, increases drug efficacy in CRC cells.
The present study has shown for the first time that, unlike the canonical juxtacrine activation of Notch1 by membrane-bound ligands [39] , the Notch ligands Jagged-1 and -2 can be released in soluble forms in CRC cells by ADAM17. We recently demonstrated a similar mechanism by which endothelial-derived ADAM17 cleaved Jagged-1 from endothelial cells and activated the Notch1 pathway in surrounding CRC cells [8] . Data from our study suggest that in addition to endothelial cells, CRC cells are capable of releasing Jagged-1 and -2 from the cell membrane by ADAM17. The higher levels of soluble Jagged-1 and -2 released by HT29 cells compared with HCP-1 cells support our finding that HT29 cells have a higher capacity of the CSC phenotype than HCP-1 cells. Soluble Jagged-1 and -2 driven Notch1 activation might be the main CSC phenotype-driven pathway in CRC cells. In contrast, we did not detect ADAM17-dependent cleavage of Delta-like ligands, which have been reported to be cleaved by ADAM proteins [40, 41] . In those studies, cleavage of the Delta-like ligands was shown to block the Notch pathway. The absence of ADAM17-mediated Delta-like cleavage fits our model that ADAM17 activates Notch1, possibly by releasing Jagged-1 and -2, and promotes the CSC phenotype in CRC cells. Moreover, a large portion of soluble Jagged-1 in the CM compared with membrane-bound Jagged-1 in the cell lysates suggest an important role for soluble Jagged-1 in regulating the Notch1 pathway in CRC cells. Overexpression of ADAM17 in CRC cells did not cause any increase in protein levels of NICD, HES-1, or soluble Jagged-1, neither did we detect significant increase in the sphere formation (data not shown). This is possibly 
CONCLUSION
ADAM17 is a potential target for treating patients with CRC and perhaps other cancers [16, 22, 32, 33, 38] . In other studies, ADAM17 was shown to be downstream of K-Ras activation [17] , suggesting a potential for using ADAM17-targeted therapy in CRC patients with K-Ras mutations. The present study elucidated the role of ADAM17 in regulating the CSC phenotype and chemoresistance in CRC cells. Our findings suggest that the combination of chemotherapy and ADAM17 inhibition can lead to better treatment outcomes for patients with CRC compared with standard regimens. Moreover, we have demonstrated a new role for ADAM17 in cleaving the Notch ligands Jagged-1 and -2 in CRC cells. However, owing to the large number of downstream targets of ADAM17, the overall effects of blocking ADAM17 in patients with CRC need to be fully elucidated in future studies. 
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